We investigate by numerical methods the tidal evolution of the Kepler-10 system, which consists of an inner rocky planet and an outer terrestrial planet, by considering various initial eccentricity pairs that follow conservation of angular momentum of the system. Our results cover the range of all reasonable initial eccentricities with various mass ratios of the two planets for the Kepler-10 system; all initial eccentricity pairs can produce the present observed orbits within certain errors. Additional simulations with alternate values of dissipation factor Q 1 are carried out, where the results may be indicative of the possible range 50 ≤ Q 1 ≤ 500. Moreover, considering the density of the terrestrial planets and the previous models, we provide a possible constraint on the mass of Kepler-10c of 7 M ⊕ ≤ m 2 ≤ 20 M ⊕ . Finally, we propose a possible planetary formation scenario for the Kepler-10 system: both planets may form from a distant region in the disc, then the inner planet may experience planet-planet scattering, following as tidal decay and circulation. However, the outer companion may undergo mainly disc migration, judging from our model.
I N T RO D U C T I O N
As is well known, the Kepler mission uses transit photometry to detect Earth-size planets in or near the habitable zones of Sun-like stars (Koch et al. 2010) . To date, more than two thousand planetary candidates have been discovered by Kepler (http://kepler.nasa.gov ), of which Kepler-10b is the first confirmed rocky 'super-Earth', with a radius of ∼1.416 R ⊕ and a mass of 4.56 M ⊕ respectively, orbiting a G-type star at 0.01684 au (Batalha et al. 2011) . So-called super-Earths have masses larger than 1 M ⊕ but smaller than 10 M ⊕ . Kepler-10c was discovered as a second companion with a radius of ∼2.2 R ⊕ that orbits about the same host star at 0.2407 au, a distance much greater than that of the inner planet (Fressin et al. 2011 ). In addition, the two planets of the Kepler-10 system both have zero eccentricities, implying that they may undergo tidal circularization when moving to the vicinity of the star.
The Kepler-10 system bears a resemblance to the CoRoT-7 system, which is composed of the two terrestrial transiting planets CoRoT-7b and CoRoT-7c (Léger et al. 2009; Queloz et al. 2009 ). Many researchers have investigated the role of tidal evolution Jackson et al. 2010; Rodríguez et al. 2011 ), composition and internal structure (Valencia et al. 2010) for the CoRoT-7 system. Recently, Leitzinger et al. (2011) postulated that short-period rocky planets, such as CoRoT-7b and Kepler-10b, are not remnants of evaporated gas or ice giants that have lost their E-mail: jijh@pmo.ac.cn entire hydrogen envelope but most likely start their evolution as super-Earths that may have lost a thin hydrogen atmosphere. Thus, one may attempt to understand the dynamical process by which the two planets in the Kepler-10 system formed and evolved into the present observational region, which motivates us to explore this system extensively.
In models of planet formation (Goldreich 1980; Lissauer 1993; Boss 1995; Rasio & Ford 1996; Chambers 2001; Zhang, Ji & Sun 2010; Ji, Jin & Tinney 2011; Wang, Ji & Zhou 2012) , the minimum distance for formation of a rocky planet is ∼0.4 au with a nearly circular orbit. However, a great many close-in planets observed through radial velocities and transits are within ∼0.1 au. It is now widely believed that gas drag in the protoplanetary gaseous nebula may well drive planets to migrate to ∼0.1 au (Lin, Bodenheimer & Richardson 1996) . Tidal interactions between planets and their host stars will then play a vital role in the long-term evolution once they move inside 0.1 au (Rasio & Ford 1996; Nagasawa, Ida & Bessho 2008; Jackson, Greenberg & Barnes 2008a,b; Jackson, Barnes & Greenberg 2009 ). Subsequently, tidal effects may gradually cause planets to reach their current locations by tidal decay as well as circularization Jackson et al. 2008a; Matsumura, Stanton & Frederic 2010) . In previous studies, several possible pieces of observational and empirical evidence for tidal evolution have been revealed (Jackson et al. 2008a (Jackson et al. , 2009 Pont, Aigrain & Zucker 2011 ). Herein we summarize several major pieces of evidence. First, the distribution of the semimajor axes and eccentricities of short-period planets shows that there is a wide range of eccentricities for which the semimajor axes are larger than 0.1 au, but most of these planets are in circular orbits with a very close-in host star. In addition, there is a cut-off for the semimajor axes beyond which no planet has been unveiled. Secondly, stellar components change by the accretion of planetary material. Thirdly, stellar rotation is spinning up at the time that short-period planets are spiralling into the star as a result of conservation of total angular momentum. Lastly, many transiting planets discovered nowadays are rather young, because a large portion of them have been destroyed due to tides and eventually engulfed by the star when the Roche lobe is reached. Moreover, general relativity (GR) may also play a significant role in shaping the orbits of short-period planets (Mardling 2007) . Hence, one must also take GR into account when studying the tidal evolution of short-period planets.
A handful of multiple-planet systems containing at least two planets have been discovered, in which gravitational interactions between the planets will be coupled with tidal processes, making the orbital evolution more complex than for the case of singleplanet systems. However, several previous works have focused on tidal evolution in multiple-planet systems (Wu & Goldreich 2002; Mardling & Lin 2002; Mardling 2007; Zhou & Lin 2008; Batygin et al. 2009; Mardling 2010; Rodríguez et al. 2011; Laskar, Boué & Correia 2012; Dong & Ji 2012) . For example, the HD 83443 system was studied earlier as a two-planet system (Wu & Goldreich 2002) . Total angular momentum conservation and gravitational interaction during the process of tidal evolution may make it clear why the inner planet owns a non-zero eccentricity (0.079) in such a close orbit (0.03 au), while most short-period planets have circular orbits. Rodríguez et al. (2011) further explored the tidal evolution of the real system CoRoT-7 and a fabricated super-Earth-Jupiter twoplanet system. The initial eccentricity of CoRoT-7b is assumed to be zero but it is excited by CoRoT-7c, which has non-zero eccentricity due to mutual gravitational interactions, then both objects migrate into the star. As a result, they reach approximately their current locations with circular orbits over a time-scale of 7 Myr.
In this paper we will concentrate on the tidal evolution of the Kepler-10 system, which differs from the CoRoT-7 system although they both contain at least one short-period planet. First, Kepler-10c is located at 0.2407 au, which is farther than 0.1 au, within which tidal dissipation may play an important part in the orbital evolution. In addition, the outer planet of Kepler-10 is somewhat distant from the inner companion, indicating that their mutual perturbation may be much weaker. In comparison with Kepler-10c, CoRoT-7c resides at 0.046 au, indicative of a much closer distance to the inner planet CoRoT-7b, and thus the mutual interaction becomes stronger. Secondly, Kepler-10c bears solely an upper-limit mass while CoRoT7c has a nominal mass. When considering the two rocky planets Kepler-10b shows a resemblance to CoRoT-7b in some orbital features, but they have very different outer companions. Accordingly, the two systems may differ completely in their planetary formation. As a result of tidal evolution, the final orbits of currently observed short-period planets are dependent on the original orbital data, which in turn may depend on their migration scenarios such as disc migration (Goldreich 1980; Lin, Bodenheimer & Richardson 1996 , where the eccentricities are damped by the gas in the disc to retain the original nearly circular orbits), secular stellar perturbation, the Kozai mechanism (Fabrycky & Tremaine 2007) or planetary scattering (Ford & Rasio 2006 , where the eccentricities are significantly excited).
In the present work, we modify the MERCURY6 package (Chambers 1999) to investigate numerically the dynamical evolution of the Kepler-10 system using various initial orbital data, following the conservation of angular momentum (AM). In this model, we take into account the contributions of tidal and GR effects. Our results provide a reasonable range of initial eccentricity pairs for different mass ratios of the two planets, of which all starting eccentricity pairs are able to produce the current orbits within the given errors. We also suppose a possible planetary formation and migration picture for the system: two planets may form in a distant regime of the gaseous disc and then migrate inward at an earlier stage. Subsequently, they may undergo diverse pathways as regards the formation scenario. The inner planet may suffer from the planetplanet scattering process and consequently be excited to a moderate eccentricity (Chatterjee et al. 2008) , which is adopted as one of the initial values in simulations of tidal evolution. However, the outer companion may mainly experience a formation scenario of disc migration, judging by our model.
The structure of this paper is outlined as follows: in Section 2 we briefly introduce tidal theory. In Section 3, we describe the dynamical equation, numerical set-up and dominant results for the dynamical evolution of the Kepler-10 system and then compare the numerical results with general secular theory. In Section 4, we suppose a possible planetary formation scenario for Kepler-10 inferred from the outcomes. Finally, we summarize our conclusions and present a short discussion in Section 5.
T I DA L T H E O RY
Considering both planetary and stellar tides, the mean variations of the orbital elements in a single-planet system are given by
and
where D ≡p/2ŝ and
represent the stellar and planetary tides, respectively (Dobbs-Dixon, Lin & Mardling 2004; Ferraz-Mello, Rodríguez & Hussmann 2008; Rodríguez et al. 2011 ). In the above equations, m i , R i (i = 0, 1) are mass and radius, where the subscripts 0 and 1 denote the stellar and planetary parameters, k i and Q i (i = 0, 1) are the related Love number and dissipation factor and a, e and n are the semimajor axes, eccentricity and mean orbital motion, respectively. The above equations are completely equivalent to those forms of equations that Jackson et al. (2009) showed in their study, coupling the Love number k i = 3/2 (i = 0, 1) into the coefficients. In general, the stellar tide is much less than that of the planet because the mass ratio of star:planet is much larger, although the radius of the star is larger than that of a planet and also Q 0 Q 1 . Consequently, the stellar tide raised by Kepler-10b is not considered during the tidal decay and circularization process in this work. Moreover, tidal decay will continue although the planet has formed a circular orbit. Therefore, the remaining lifetime of the Kepler-10 system will be briefly investigated by simply considering stellar tides in this work.
The above equations are valid on the basis of several assumptions that are described in greater detail by Jackson et al. (2008a) : the values of e are small; the planet's orbit period is shorter than the star's rotation period and the star rotates slowly; the planet's rotation is nearly synchronous with its orbit.
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N U M E R I C A L S I M U L AT I O N S O F K E P L E R -1 0 S Y S T E M S
Dynamical equations
In this section, we will briefly introduce the method used for our numerical simulations of the Kepler-10 system. Herein, the reference frame used is centred on the star and the motion of the planets is coplanar with respect to the reference plane. Our investigation shows that tidal and GR effects acting on the outer planet have little influence over the two planets of Kepler-10. Hence, we consider the tidal and GR effects as simply acting on the inner planet and the equations of motion of the planets can be written as )
where f g1 is the force acting on the inner planet induced by GR, which is approximately given as follows (Beutler 2005; Rodríguez et al. 2011) :
where v 1 =ṙ 1 and c is the speed of light. Here f t1 is the tidal force exerted on the inner planet; accordingly we utilize the modified form given in the following equation (Mignard 1979; Mardling & Lin 2002; Rodríguez et al. 2011 ):
where R i is the radius of a planet, i is the angular velocity of rotation, which is assumed to have only one component perpendicular to the orbital plane, Q i is defined as the modified tidal factor, which absorbs the Love number as Q 1 ≡ 3Q 1 /2k 1 and is associated with time lags between the tidal interaction and its corresponding deformation for the planets, G is the gravitational constant and i = 1, 2 denotes the parameters of the inner and outer planets. For Kepler10b, the typical value Q 1 = 100 for Earth-like planets is adopted in our work.
Numerical set-up
The Kepler-10 system bears two Earth-like planets orbiting the central star. The adopted orbital elements and physical data for the Kepler-10 system are listed in Table 1 . Note that in the current configuration of the Kepler-10 system both planets occupy circular orbits, in analogy to the CoRoT-7 system ). However, some differences exist between the two systems, since Kepler-10c is more distant from the inner planet than CoRoT-7c. In this work, we will perform numerical simulations to investigate the dynamical evolution of Kepler-10b, where tidal and GR effects from the central star as well as gravitational perturbation from Kepler10c are taken into account in the model. Currently the exact mass Table 1 . The adopted orbital elements and physical data of the Kepler-10 system (Batalha et al. 2011; Fressin et al. 2011 (Chambers 1999 ) by adding the two forces of tide and GR raised by the host star, as shown in (6) and (7), because only Newtonian gravitational forces between the central star and all planets are included in the original MERCURY6 codes. The Bulirsch-Storer algorithm is used for the numerical simulations, where the time-step and accuracy parameter are initially adopted as 0.005 d and 10 −16 , respectively. Again, the initial planetary configuration is essential to carry out numerical simulations. Hence, choosing a reasonable initial configuration for the Kepler-10 system is necessary to simulate the orbital evolution, since the initial orbital elements cannot be determined exactly. Therefore, we follow two basic principles to set up the initial planetary configuration. First, the planetary starting place in the simulations is considered to be more distant than its current one because tidal evolution is a dissipative progress, bearing in mind the aforementioned hypothesis that Kepler-10b arrives at its current location through tidal decay. Secondly, the total angular momentum of the planetary system is assumed to be conservative with regard to tidal dissipation. Assuming a slow-rotating star, the component L normal to the orbital plane of total AM in the Kepler-10 system can be approximately written as Rodríguez et al. 2011 )
Considering the above two principles, the initial orbital elements of the Kepler-10 system are assumed to be as follows: first, a random semimajor axis of Kepler-10b is adopted, a 1 ini = 0.0185 au. Our investigation shows that 1 per cent changes in the current semimajor axes of Kepler-10c have no significant effect on the tidal evolution of the inner planet. In addition, we adopt a 2 ini = 0.240 au, which slightly deviates from the present semimajor axis of Kepler-10c. Hence, the initial eccentricities of the two planets (hereafter, we refer to the eccentricity pair (e 1 ini , e 2 ini )) are given according to the conservation of AM in equation (8). We choose ini ≡ 1 ini − 2 ini = 180
• , where denotes the longitude of the pericentre. In addition, we assume the planet has been synchronous, since the time-scale of synchronicity is rather short compared with its tidal evolution.
Results
In this section, we show the simulation results of tidal evolution for the Kepler-10 system, using the initial configuration described in Section 3.2. 
Orbital evolution of the Kepler-10 system
As expected, tidal dissipation actually plays an important role in yielding the inner planet's orbit through exchanging AM in the planetary system.
Considering the conservation of the total angular momentum of the planetary system, we choose various eccentricity pairs (e 1 ini , e 2 ini ) for different mass ratios of the Kepler-10 system and carry out numerical simulations to understand the tidal evolution of the two planets further. Fig. 1 shows time variations of the semimajor axes and eccentricities of Kepler-10b in a two-planet system. In the top panel of Fig. 1 , tidal evolution of the semimajor axes is shown, where the dotted, dashed and solid lines represent the evolution of the lower limit, upper limit and observed values (see Table 1 ; note that the lower, upper and observed curves are separately related to final semimajor axes of 0.01650, 0.01716 and 0.01684 au), respectively. The solid curve in the top panel shows that the initial eccentricity pair may produce the present value of semimajor axis (Batalha et al. 2011) . Hence, all other curves between the upper and lower boundaries may unveil the probable tidal process, in agreement with current observations. From the bottom panel of Fig. 1 , we note that the planetary eccentricity is damped to zero over a time-scale of ∼0.3 Myr, although initial values differ slightly. Additional runs changing the mass ratios (where m 2 /m 1 = 3.38, 2.38, 1.38, 1.0, 0.5, 0.3, 0.2, 0.1) are carried out, where the results are similar to those of Fig. 1 . Hence, possible initial planetary configurations involved in planetary formation and migration may be inferred by determining the above-mentioned eccentricity range, where all reasonable values of initial eccentricity pairs for various mass ratios are taken into account.
However, the semimajor axis and eccentricity of the outer planet remain almost constant during the secular evolution due to the weak perturbation of the inner planet. The eccentricities of the two planets are coupled with each other, which can be demonstrated clearly within a much smaller time. Hence, the results may imply that this system is highly hierarchical because the mutual interaction between the two planets is not so strong. Fig. 2 exhibits the variations of the semimajor axes and eccentricities of Kepler-10b during the process of tidal evolution, where three curves are plotted as in Fig. 1 . The arrow shows the evolution direction of Kepler-10b. Note that the three curves show diverse tidal evolution for the three initial eccentricity pairs of (0.213, 0.0), (0.193, 0.023) and (0.172, 0.032), respectively. The figure also shows that simulations of tidal evolution start from the same initial semimajor axes at a 1 ini = 0.0185 au for different initial eccentricity pairs and eventually the inner planet evolves into the present nearly circular orbit (Table 1) . Therefore, other reasonable evolution pathways, which agree with observations, may be outlined between the two curves labelled 'lower' and 'upper'.
Planets may own circular orbits if their circularization time-scales are shorter than the ages of the host stars as a result of tidal evolution (see Fig. 1 ). The circularization time-scale of a planet is a vital factor to describe tidal dissipation, which is given by (Goldreich & Soter 1966) τ e ≈ 4 63
For Kepler-10b, τ e 2 × 10 4 yr is consistent with the time-scale of simulations shown in Fig. 1 , where Q 1 = 20 with respect to Q 1 = 100. The tidal circularization time-scale is too short to compare with the age of Kepler-10 (11.9 Gyr), which might suggest that tidal evolution is the dominant process in forming its final orbit.
The tides on the planet produced by the star can synchronize the planet's spin with its orbit on a time-scale Guillot et al. 1996) 
where = | spin − orb | is the difference between its spin and orbital angular velocities. Taking the typical dissipation value Q 1 = 20, the primordial planetary rotation rate spin ranges from that of a fast rotator (10 h) to that of a slow rotator (10 d), since it is not well revealed (Léger et al. 2009 ). Herein we simply consider the cases in which the spin velocity is smaller than its orbital rotation. The Tidal evolution of the Kepler-10 system 955 maximum synchronization time-scale for Kepler-10b is estimated to be ∼4 yr, which is too short to have an influence on the tidal decay and circularization.
Comparison with general secular theory
According to the classical secular theory described by Murray & Dermott (1999) , the eccentricity of the inner planet will be excited by the outer one due to their mutual gravitational interaction. To study some close-in planetary systems, Laskar et al. (2012) recently modified classical secular theory, where the planets are assumed to be coplanar, by adding GR and tidal effects in the Lagrange-Laplace secular equations. Following the work of Laskar et al. (2012) , we utilize general secular theory (where we consider that GR and tidal effects simply act on the inner planet) to analyse the eccentricity variations of the inner planet and then compare them with our numerical results.
In general secular theory, GR effects damp the eccentricity of the inner planet to small values/oscillations, although it can be excited by perturbation of the outer planet. However, as predicted by tidal theory, the eccentricity of the inner planet drops significantly to zero, due to the planetary tide raised by the host star. Tidal effects have two contributions, of which the dissipative contribution causes the eccentricity of the inner planet to reduce while the conservative contribution can be ignored during the process of tidal evolution of the inner planet. All the above theoretical analysis results agree well with our simulations. Furthermore, the stellar quadrupole moment J 2 (which is assumed to be 10 −6 ; this term is not considered in general secular theory), another conservative term, has no apparent influence on the tidal evolution of Kepler-10b in the simulations. Fig. 3 shows time variations of the eccentricity of the inner planet in the observed case from Fig. 1 . In this figure, the outcomes of general secular theory (Laskar et al. 2012 , solid line) and simulation (dashed line) are shown, where for both we consider GR, tidal effects and the perturbation of the outer planet. Note that the above two curves almost overlap to present a perfect match between numerical simulation and general secular theory. Moreover, this may also indicate that mutual interactions between the two planets are very weak, due to their wider orbital separation, and the planetary tide plays a dominant role in shaping the final orbit of the inner planet through tidal evolution. Moreover, we carry out additional simulations to investigate the evolution of the outer planet of Kepler-10c through general secular theory by changing the planetary mass and initial eccentricity, considering the unstrained orbital elements. The results show that its mass and eccentricity have a negligible influence on the tidal evolution of the inner planet, due to the weak interaction between the two planets.
In addition, we also calculate the theoretical solution of the eccentricity of CoRoT-7b, because its outer companion CoRoT-7c is located much closer than Kepler-10c. The outcome derived by general secular theory is fully consistent with the numerical results given by Rodríguez et al. (2011) . In this sense, we may safely conclude that the numerical simulations are reliable in our investigations.
Precession of the periastron longitude
In this section the general precession of periastron for Kepler-10b is investigated from a theoretical and numerical viewpoint. The precession of periastron of an eccentric orbit may arise from four main aspects: tidal, GR, perturbational effects and stellar quadrupole moment. In the following, we will briefly introduce each of these.
The precession rate for the periastron longitude coming from the planetary tide is expressed by (Wu & Goldreich 2002; Jordán & Bakos 2008) ω tide ≈ 7.5n 1 k 1
(1 + 3e
Adopting the Love number of the inner planet k 1 = 0.3, which is a typical value for an Earth-like planet, e 1 = 0.194, a 1 = 0.0185 au, R 1 = 1.416 R ⊕ ≈ 6.037 × 10 −5 au, m 1 = 1.37 × 10 −5 M and m 0 = 0.895 M , where M is the mass of the Sun, the calculated precession rate is 0.90
• century −1 with the corresponding precession period of ∼38 184 yr, which is in agreement with numerical integration (which gives a precession period of ∼38 100 yr).
In this paper, we assume that GR arises from the contributions of the potential of the star through post-Newtonian terms, which simply promote apsidal advance over a longer time-scale (Mardling 2007 ). As it is well known that GR causes precession of the longitude of periastron, the precession rate is expressed by (Einstein 1916) 
The calculated precession rate is ∼20.
• 15 century −1 and the corresponding precessional period is ∼1787 yr, which is in agreement with the simulations with a precession period of ∼1780 yr.
According to dynamical theories, the presence of a second planet will in general have an effect on the inner companion. However, Kepler-10c plays no significant role in the orbital elements of the inner planet when investigating tidal dissipation, due to its greater distance, although the eccentricity and periastron longitude have precession as predicted. The precession of the eccentricity and periastron longitude are coupled with each other, implying that they have nearly equal precession period. The secular precession of frequency caused by a second planet (called a 'perturber') is given by (Murray & Dermott 1999; Miralda-Escudé 2002; Ji et al. 2003) ω pert = 3m 2 a is ∼0.
• 28 century −1 (the corresponding period is ∼127 500 yr), which is two orders of magnitude smaller than that for GR, with m 2 /m 1 = 4, a 2 = 0.240 au. The numerical simulations provide a precession period of ∼129 480 yr, which is consistent with the theoretical value.
The precession rate caused by the stellar quadrupole moment J 2 is given by (Murray & Dermott 1999; Miralda-Escudé 2002) 
Adopting a general value J 2 = 10 −6 ,ω quad is ∼1.
• 44 century −1 with a corresponding period of 25 000 yr, which is basically in agreement with the precessional period of 22 403 yr in our numerical simulation. However, there are no apparent effects on the secular variation of the semimajor axis and eccentricity in this work. Therefore, the stellar quadrupole moment can be neglected when studying the tidal evolution of the Kepler-10 system. Thus, the total apsidal precession rates are given by (in order-ofmagnitude contribution to ω total =ω GR +ω quad +ω tide +ω pert (15) and the precession rate of Kepler-10b caused by the other three effects compares with that due to the planetary tide as follows: ω GR /ω tide 20,ω quad /ω tide 1.6 andω pert /ω tide 0.31.ω quad is always much less thanω GR except in rapidly rotating stars, so the stellar quadrupole effect is always negligible in comparison with the relativistic effect (Murray & Dermott 1999; Miralda-Escudé 2002; Jordán & Bakos 2008) .
Tidal dissipation factor Q 1
Tidal dissipation is described by the parameter Q 1 , which is usually adopted to be 100 for terrestrial planets and 10 5 for Jupiter-like planets.
Assume the following initial orbital elements: e 1 ini = 0.193, e 1 ini = 0.023, ini ≡ 1 ini − 2 ini = 180
• . Fig. 4 shows the tidal evolution of Kepler-10b in a two-planet system with Q 1 = 50, 200, 500 and 1000, respectively. Note that the time-scale of circularization is proportional to Q 1 as estimated in equation (9), which is 0.03, 0.12, 3.1 and 6.2 Myr, respectively. However, all of the runs finally arrive at the same place at almost the current location, but with variable time-scales. From Fig. 4 , we point out that the tidal dissipation parameter Q 1 actually plays a more important part in the evolution of e 1 than a 1 . In addition, as indicated by Mardling (2007) and Laskar et al. (2012) , the role of Q 1 on the eccentricity may be solely to affect the damping time-scale, rather than the amplitudes.
It is known that tidal evolution is relevant to a number of constants, where m 1 , R 1 , m 0 and k 1 are well determined but the planetary tidal dissipation parameter Q 1 is not very clear. Hence, typical values of Q 1 = 100 (with respect to Q 1 = 20 and k 1 = 0.3) for an Earth-like planet are adopted in our simulations. For the terrestrial planets in the Solar system, the adopted values of tidal dissipation factor range from 10 to 500 (Goldreich & Soter 1966) . Consequently, the range 50 ≤ Q 1 ≤ 500 may be reasonable for Kepler-10b, considering the final configuration in the evolution and circularization time-scale. Let us recall some familiar facts about tidal interactions in the Solar system. For example, for Earth Q 1 = 60 where the corresponding Q 1 = 12 and k 1 = 0.299 and the time-scale is ∼10 10 yr, very different from Kepler-10b, because the latter is a rocky Earth-mass planet located about 1 au from the Sun; for Io, a Galilean moon of Jupiter, Q 1 = 5000 where Q 1 = 100 and k 1 = 0.03 and the time-scale is estimated to be 2 × 10 3 yr (Murray & Dermott 1999) . Therefore, if choosing Q 1 = 60 for Kepler-10b, the relevant profile of tidal evolution will emerge between the two curves Q 1 = 50 and Q 1 = 200, as shown in Fig. 5 . In contrast, for Jupiter-like planets the tidal dissipation parameter ranges from 6 × 10 4 to 2 × 10 6 when accounting for the tidal evolution of the moons of Jupiter (Yoder & Peale 1981) . In a word, we underline that small Q 1 means strong dissipation and consequently tidal evolution for hot Jupiter-like planets becomes much slower.
Kepler-10c upper-limit mass
Currently the mass of Kepler-10c may not be well constrained from observations, and we simply make an attempt to provide a minimal constraint on the mass of Kepler-10c by assuming its internal structure and planetary density.
In the model of Lissauer et al. (2011) , Kepler-10c's mass is only ∼3 M ⊕ if it has a rock/iron core and a mass ratio of 5 per cent H 2 /He atmosphere (Fressin et al. 2011) . Considering the above model, the lowest mass ratio of m 2 /m 1 is assumed to be 0.5 with respect to m 2 = 2.28 M ⊕ and its density is 1.13 g cm −3 . Again, the density range of rocky Earth-like planets in the Solar system, such as Mercury, Venus, Earth and Mars, bearing a density range of 3.933-5.515 g cm −3 , is considered to be a referred model (Murray & Dermott 1999) . Hence, we may obtain a minimal mass of Kepler-10c of 7.90 M ⊕ , considering the above mean density of Mars, 3.933 g cm −3 , with a radius of 2.227 R ⊕ (see Table 1 ). In the model of Fortney, Marley & Barnes (2007) , if Kepler-10c has a terrestrial rock-iron composition then its mass is only possible at ∼20 M ⊕ ; lower masses might decrease the ratio of iron to rock or more likely there is water and/or H 2 /He gas; a half rock/water composition with a radius 2.23 R ⊕ for Kepler-10c could amount to 7 M ⊕ (Fressin et al. 2011) . Therefore, considering the above models and rocky Earth-like planets in the Solar system, a possible constraint on the mass of Kepler-10c is given as 7 M ⊕ ≤ m 2 ≤ 20 M ⊕ (3.48 g cm −3 ≤ρ ≤ 10 g cm −3 ), with a corresponding mass ratio of 1.54 ≤ m 2 /m 1 ≤ 4.38.
Initial relative inclination
The above-mentioned simulations are investigated assuming the two planets to be in a nearly coplanar configuration. However, the current relative inclination of the two planets of the Kepler-10 system is about 5
• , which indicates that they may occupy non-coplanar orbits before undergoing tidal evolution. Hence, we perform additional runs to explore how the inclined configuration between two planets influences tidal evolution. In this case, we simply alter the relative inclinations by changing the initial inclination of the inner planet and keeping the outer planet still coplanar with the reference plane, but all other orbital data (as in Section 3.3.4) remain unchanged. Fig. 5 shows time variations of the semimajor axes and eccentricity of Kepler-10b for relative inclinations of 5
• , 10
• , 15
• and 20
• , respectively. Note that the final semimajor axes decrease as the initial relative inclinations increase. In comparison, these results show that the resultant semimajor axes in all cases are less than for the coplanar case. However, the tidal time-scales in various runs are almost not affected by the initial relative inclinations. All eccentricities are damped to zero at about 0.4 Myr. Correspondingly, the relative inclination between the two planets will finally approach zero within 0.1 Myr for various cases during the tidal evolution.
To understand how the tidal and GR effects affect the orbital evolution in non-coplanar two-planet systems, we perform more simulations without considering tidal and GR effects in the model. The results are summarized as follows: (1) the semimajor axes remain unchanged; (2) the eccentricities simply perform small-amplitude oscillations, which increase as the initial relative inclinations do; and (3) the inclinations of the inner planet have a tiny fluctuation, consistent with secular theory (Murray & Dermott 1999) . As GR contributes little to the secular variations in the planet's orbital elements, except for the precession of periastron longitude (Huang & Liu 1992) , tidal dissipation may play a major part in damping the semimajor axis, eccentricity and inclination of the planet through secular evolution.
As a consequence, the final orbit of the inner planet of the Kepler-10 system is related to the initial mutually inclined planetary configuration. From the results, we learn that the deviations of the resultant semimajor axes in the non-coplanar configuration with respect to the coplanar case are 0.6, 2.7, 6.1, 10.7 and 16.3 per cent, respectively, where the relative inclinations of two planets range from 5
• to 20
• in increments of 5
• . Considering that the variation of the observed semimajor axes of Kepler-10b is actually less than 4 per cent, we may infer that an initial relative inclination within 10
• is probably reasonable for the Kepler-10 system in the adopted model, which is in good agreement with current observations.
Fate of Kepler-10
The stellar tidal evolution of the system is briefly explored with the purpose of making a study of the remaining lifetime. Herein the socalled remaining lifetime differs from the age of planetary formation in that it denotes the evolution time-scale ranging from the current to the final stage at the time the planet reaches its Roche limit. In the simulations, Q 0 is chosen to be quite different in the planetary systems, since it could simply be derived from observations. For example, a high value of Q 0 may range from 10 8 to 3 × 10 9 according to new theoretical models, because the time-scale of tidal evolution is comparable to or much longer than the ages of the systems (Penev & Sasselov 2011) ; a value of 3 × 10 7 < Q 0 < 2.25 × 10 9 is derived for OGLE-TR-56b (Carone & Patzöld 2007) ; in WASP43b, Q 0 > 5 × 10 7 may result in a plausible lifetime comparable to or greater than the stellar age (Hellier et al. 2011) . Therefore, the tidal evolution of Kepler-10b with Q 0 = 10 6 , 10 7 and 10 8 is simulated separately in this work.
In Fig. 6 , we show the dynamical evolution of the semimajor axes, adopting three different values of Q 0 . Notice that the remaining lifetime is proportional to Q 0 and Kepler-10b will survive over 3 Gyr if Q 0 > 10 7 . For Kepler-10c, the remaining lifetime is much longer than that of Kepler-10b because the outer planet is far from its central star, with ∼ 2700 Gyr for Q 0 = 10 6 in our simulation. Hence, Kepler-10c cannot be destroyed by tides in the case of survival of the star. Our results are also in good agreement with those of CoRoT-7b, the orbits of which cross the Roche limit in several billion years for Q 0 = 10 7 (Jackson et al. 2009 ). In the at Purple Mountain Observatory on December 12, 2013
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CoRoT-7 system, the mean remaining lifetimes of CoRoT-7b and CoRoT-7c are 0.97 and 367 Gyr, respectively, considering k 0 /Q 0 = 10 −6 . Comparing the fate of the above systems, one may infer that the inner close-in planets will be wiped out by the stellar tide while the outer planets will survive over the lifetime of the star.
According to the following equation (Levrard, Winisdoerffer & Chabrier 2009 ):
the estimated tidal in-spiral time for Kepler-10b from the current location is 0.1, 1 and 10 Gyr for Q 0 = 10 6 , 10 7 and 10 8 , respectively, which conforms with our simulations.
P O S S I B L E P L A N E TA RY F O R M AT I O N S C E NA R I O S
As shown in Fig. 1 , a wide range of initial eccentricity pairs for various mass ratios of the Kepler-10 system can be constrained to follow the conservation of AM and the current observed orbital range. Reasonable initial eccentricity pairs are helpful to provide vital clues to planetary formation in this system. In total, we have performed over 400 runs for the investigation. Fig. 7 shows the relationship of e 1 ini and e 2 ini of the Kepler-10 system for various m 2 /m 1 , where the initial eccentricity pairs in each curve cover all cases adopted in numerical simulations to meet the observations, considering certain errors, and all the dots in the curves are chosen following the conservation of AM. For simplicity, only five dots are shown in each curve, where from top to bottom the first, third and fifth symbols respectively represent the initial eccentricity pairs that form the lower limit, present observation and upper limit of the final semimajor axes over tidal evolution; the second and fourth dots are randomly chosen, which may produce final semimajor axes within the observational errors. All dots in each curve can account for a reasonable tidal process forming the current planetary orbits within certain errors ( Table 1 ). Note that initial eccentricity pairs for various mass ratios can form the range of observed orbits; in particular, the dots enclosed by the shaded box can form the current exact orbit. Furthermore, there are several apparent trends in Fig. 7 , as follows. (iii) m 2 /m 1 = 1.0 is an approximate critical value to divide e 2 ini into two parts having different mass ratios: i.e. e 2 ini > 0.1 if m 2 /m 1 < 1.0; in contrast, e 2 ini < 0.1 if m 2 /m 1 > 1.0. Nagasawa & Ida (2011) investigated the orbital distributions of close-in planets and distant planets formed by scattering and dynamical tides using numerical simulations. It is possible for close-in planets to retain non-negligible eccentricity (≥0.1) over a time-scale of 10 9 yr and for all distant planets to have negligible eccentricity (< 0.1), which is hardly explained by the planetary scattering mechanism. Consequently, we classify the eccentricity into two categories comprising non-negligible (≥0.1) and negligible (<0.1) cases, of which the non-negligible case may be explained by a scattering mechanism; otherwise, the negligible case is relevant to disc migration. In addition, several cases, say, m 2 /m 1 = 5.0 and 6.0, are also retained for further investigation, and the outcomes of the final semimajor axis will also be within the observed range for Kepler-10b.
According to current theories of planet formation and migration (Lissauer 1993; Lin et al. 1996; Rasio & Ford 1996; Ford & Rasio 2006; Raymond, Mandell & Sigurdsson 2006; Zhang & Ji 2009 ), the two planets of the Kepler-10 system form in the close-in regime due to a particular migration mechanism, which generally includes slow migration in a gaseous disc and planet-planet scattering followed by intense tidal dissipation when a planet is close to its central star. Planet-planet scattering tends to excite the orbital eccentricity and inclination, but it may migrate planets into close-in orbits separately in an impossible fashion and disc migration is likely to make planets approach their current short-period orbits, retaining a small relative inclination in multiple-planet systems (Steffen et al. 2010) . In summary, we may outline a formation scenario for this system before tidal evolution starts: Kepler-10b is likely to either suffer from a process of planet-planet scattering or be directly kicked into a close-in orbit by a collision-merger mechanism ). However, Kepler-10c may undergo migration in the gaseous disc, then move about the current region due to a certain halting mechanism. As there are many factors shaping the initial state of the Kepler-10 system, the above postulated planetary formation picture may be just one possible case. Additional future observations will be of assistance in order to elucidate the formation details.
C O N C L U S I O N S A N D D I S C U S S I O N
In this work, we have performed an extensive numerical investigation of the tidal evolution of the Kepler-10 system. Here we summarize our main results, as follows.
First, we performed numerical simulations to explore the tidal evolution of the Kepler-10 system with various mass ratios, where a group of reasonable initial orbital elements are adopted following the conservation of total angular momentum of the planetary system. The results show that tidal decay and circularization may play a very significant role in shaping their final orbits. Hence, a range of initial eccentricity pairs of two planets with each mass ratio is determined by comparing the final semimajor axes with the observed ones within certain given observational errors. These results imply that all reasonable initial eccentricity pairs may form the current circular orbits by considering a given error after undergoing tidal dissipation. The results derived by general secular theory are consistent with our simulation outcomes.
Secondly, four kinds of dynamical factors, i.e. GR, stellar quadrupole, planetary tide and perturbation of an additional companion, respectively, may contribute to the precession of apsidal longitude for Kepler-10b. However, we point out that the order of importance of apsidal precession arising from planetary tides and GR may differ from that in the work of Ragozzine & Wolf (2009) , who simply investigated very hot Jupiter-like planets. In this study, apsidal precession from GR is about twenty times larger than that of tides. As shown in equation (11), the precession of periastron triggered by a planetary tide is proportional to R 5 p , where R p denotes the radius of a planet. Hence, for Kepler-10b the apsidal precession may arise mainly from GR.
Thirdly, various values of Q 1 are utilized to make an extensive study of the tidal evolution of Kepler-10. Our simulation results further reveal that 50 ≤ Q 1 ≤ 500 may be reasonable, which is consistent with the dissipation factor of terrestrial planets of the Solar system. Fourthly, we provide a possible constraint on the mass of Kepler10c in the range 7 M ⊕ ≤ m 2 ≤ 20 M ⊕ , by considering the density to be comparable to that of terrestrial planets in the Solar system and the assumed models.
Furthermore, the relative inclinations of the two planets of the Kepler-10 system have an effect on tidal evolution. Numerical results show that the final semimajor axis of the inner planet reduces as their relative inclinations increase. The simulations indicate that an initial relative inclination within 10
• is probably reasonable for the Kepler-10 system. In summary, according to a reasonable range of initial eccentricity pairs, we may infer that Kepler-10b is likely to undergo planetplanet scattering when it migrates into a close-in orbit, where tidal decay and circulation contribute to the resultant orbit. However, Kepler-10c may experience disc migration and possibly maintain a small eccentricity. Thus, future observations may also provide more information on the formation scenario of the system. To date, a great many multiple-planet systems have been discovered by the Kepler mission, which will be helpful in further investigating the formation of the Kepler-10 system. According to the simulations of Beaugé & Nesvorný (2012) , the observed 'hot Jupiters' in planetary systems originally made up a large proportion of the number of planets, but a portion of them are ejected. Such a scenario is applicable to the terrestrial planetary system. Therefore, several Earth-like planets may form simultaneously (for example, Kepler 11 bears six planets with close-in orbits), showing a resemblance to the formation of the Kepler-10 system, but most of them are ejected or collide with the host star due to gravitational interactions. In this sense, we can expect that some undetected companions orbiting the host star near Kepler-10b/Kepler-10c (or at a further distance) may be unveiled in future.
